Our data can be found in GEO archive under the accession number GSE63678.

Introduction {#sec001}
============

Gynecological cancers represent more than 10% of the cancers of the female population. Early diagnosis of the malignancy offers higher cure and survival rates and a better quality of life, in contrast to diagnosis at advanced stages that leads to radical operations and carries a higher percentage of morbidity and mortality. Specifically, the major types of gynecological cancer include cervical cancer (CC), endometrial cancer (EC) and vulvar cancer (VC), exhibiting an overall incidence of 7.4, 25.5 and 2.5 per 100,000 women-years, respectively \[[@pone.0142229.ref001]\].

The clinical phenotypes, the degree of the causal relation of HPV infection, along with the prognostic factors, such as stage, histology, histological grade, age at diagnosis and race \[[@pone.0142229.ref001]\], and the pathogenetic mechanisms involved for each of these three types, seem to be discrete and specific. However, all three types originate from an almost common embryological origin, such as the paramesonephric (Müllerian) ducts arising from the mesoderm during the eighth week of development via a process referred as Müllerian organogenesis and lying in the same anatomical region \[[@pone.0142229.ref002]\]. This observation, has led to a hypothesis that the major molecular and biochemical events and the ensuing aberrant pathways occurring during carcinogenesis in the three types, might share common features that reflect aspects of regression to early development and embryogenesis. Indeed, such findings have been recently documented in cancers other than gynecological ones \[[@pone.0142229.ref003]\].

For that reason,--as a first step--novel gene expression profiling technologies are currently applied by several groups \[[@pone.0142229.ref004],[@pone.0142229.ref005]\] and ours \[[@pone.0142229.ref006]\] in gynecological cancers to reveal specific pathogenetic patterns in gene expression programs between healthy and cancer cells. Recently, further studies using next generation sequencing technologies, microarrays and proteomics, have focused on the genome mutation rate, the profiling of genome expression, and the proteome pattern of the individual gynecological cancers, i.e. vulvar \[[@pone.0142229.ref007]\], cervical \[[@pone.0142229.ref008]\] and endometrial \[[@pone.0142229.ref009]\] cancers, and have eventually composed a rather complete profile for each gynecological cancer. These approaches have led further to a novel grouping system of the tumor types \[[@pone.0142229.ref003],[@pone.0142229.ref009]--[@pone.0142229.ref011]\].

Intriguingly, although common features emerge from studies among cancers of different origin regarding mutation rates, expression profiles or DNA methylation patterns \[[@pone.0142229.ref003],[@pone.0142229.ref011]\], to our knowledge very few studies \[[@pone.0142229.ref012]--[@pone.0142229.ref014]\] have illustrated common biological functions or molecular mechanisms across different cancer types. Recently, a few comparative studies \[[@pone.0142229.ref015],[@pone.0142229.ref016]\] utilizing the new profiling technologies in combination with the available bioinformatic tools \[[@pone.0142229.ref017]\] for the construction of biological networks, have identified common system--level properties among different cancer types \[[@pone.0142229.ref003],[@pone.0142229.ref012]--[@pone.0142229.ref015]\].

Therefore, in view of the above hypothesis on the common origin of the gynecological cancers exhibiting common features, and the paucity of relevant data in the field, in this study we aimed to get further insights into these issues by performing a systematic and comprehensive molecular comparative characterization of endometrial, cervical, and vulvar cancer types. Our data identified both common and novel distinct modules controlling the same deregulated biological processes in all three types. The comparison of our results with other gene signature databases \[[@pone.0142229.ref018],[@pone.0142229.ref019]\], led to the identification of common features among various cancer types and gynecological cancers. Consequently, we searched for candidate common deregulated genes in the three gynecological cancer types by comparing our findings with previously identified potential biomarkers of earlier studies, building a more robust gene signature for each type of cancer. Though we found a very small overlap in the gene signatures of the same cancer type in different studies, affected biological processes and deregulated molecular mechanisms were the same in most of the cases. Thus, the present study suggests that even if specific genes can act as drivers or biomarkers, cancer cells maintain the capacity to arrive to the same end-stage, by activating and repressing different gene nodal points of a molecular mechanism or a pathway.

Results {#sec002}
=======

Common features of endometrial, cervical and vulvar carcinoma {#sec003}
-------------------------------------------------------------

A total of 35 samples derived from patients with gynecological cancers of different histology at different stages and healthy controls ([S1 Table](#pone.0142229.s005){ref-type="supplementary-material"}) were analyzed. Specifically, 18 cancer samples (5 cervical, 7 endometrial and 6 vulvar) and 17 normal samples (5 cervical, 5 endometrial and 7 vulvar) were hybridized on Affymetrix platform as previously described \[[@pone.0142229.ref006]\]. Profiling of gynecological cancers revealed 1406 (762 upregulated and 644 downregulated), 1740 (733 upregulated and 1007 downregulated) and 1679 (448 upregulated, 1231 downregulated) differentially expressed genes (DEGs) in cervical, endometrial and vulvar cancer, respectively ([S2 Table](#pone.0142229.s006){ref-type="supplementary-material"}). Principal component analysis (PCA) on differentially expressed genes, discriminated normal from cancer samples of the same tissue type ([S1 Fig](#pone.0142229.s001){ref-type="supplementary-material"}), while cancer or normal samples from endometrium and cervix were closer to each other, suggesting a common embryonic origin.

Comparison of the three gynecological cancers vs. their corresponding normal samples, revealed a 15--40% overlap between each type of cancer ([Fig 1A and 1B](#pone.0142229.g001){ref-type="fig"}) with only 193 common differentially expressed genes (72 upregulated and 121 downregulated). Despite the fact that overlaps among cervical, endometrial and vulvar gene signatures were small, gene ontology analysis showed increased overlap among them regarding their biological processes. Clear separation between biological functions mediated by upregulated and downregulated genes was noted. Cell cycle, apoptosis and regulation of apoptosis were among the categories enriched in the upregulated population of all three gynecological cancers of the study. Downregulated genes were found to be involved in transcription and various developmental categories such as muscle, skeletal and blood development ([Fig 1C](#pone.0142229.g001){ref-type="fig"}). Focusing on the common deregulated biological processes and comparing the folds of change of those genes, we noticed that cell cycle and apoptosis-related biological processes, were more affected in cervical and endometrial cancer than in vulvar cancer cells ([Fig 1D](#pone.0142229.g001){ref-type="fig"} and [S3 Table](#pone.0142229.s007){ref-type="supplementary-material"}). Developmental categories were more diverse ([Fig 1E](#pone.0142229.g001){ref-type="fig"}) and we were able to identify developmentally related processes mostly enriched in cervical (muscle organ development) or vulvar and endometrial cancer cells (embryonic placenta development). Human papillomavirus (HPV) represents the main factor for cervical cancer \[[@pone.0142229.ref020]\], and as expected, the biological process of 'response to virus' was enriched only in the upregulated gene population of patients with cervical cancer, with *Mx1*, interferon regulating factors 7 and 9 (*Irf7*, *Irf9*), and interferon-stimulated genes 15 and 20 (*Isg15*, *Isg20*), exhibiting high expression levels and thus confirming the activation of antiviral response-related genes in HPV-infected cells ([S2A Fig](#pone.0142229.s002){ref-type="supplementary-material"}).

![Comparison between differentially expressed genes in the three gynecological cancers and characterization of common biological processes and pathways.\
A. Venn diagrams comparing upregulated. B. Downregulated differentially expressed genes in cervical, endometrial and vulvar cancers vs. their corresponding normal samples. C. Top biological processes. D. Comparison of the enrichment of cell cycle and apoptosis related categories in the three gynecological cancers as identified by Comparative GO \[[@pone.0142229.ref017]\] in the upregulated gene lists and in the E. downregulated gene lists. F. Pathways deregulated in all gynecological cancers are depicted in bar graphs.](pone.0142229.g001){#pone.0142229.g001}

Identification of common pathways and networks in the development of gynecological cancers {#sec004}
------------------------------------------------------------------------------------------

Pathway enrichment analysis was performed utilizing Expander 5.2 \[[@pone.0142229.ref021],[@pone.0142229.ref022]\] and DAVID knowledgebase 6.7 \[[@pone.0142229.ref023],[@pone.0142229.ref024]\]. Information from KEGG, REACTOME, BIOCARTA and PANTHER pathway databases was retrieved and used for the identification of differentially expressed genes involved in the upregulation or downregulation of known pathways. Utilization of different databases provided us the advantage to annotate our generated gynecological cancer signatures in pathways that were represented only in one database. This annotation revealed several novel features of gynecological cancer signaling pathways known to be involved in cancer formation, development and immune response, which were enriched in cervical, endometrial and vulvar cancer samples ([Fig 1F](#pone.0142229.g001){ref-type="fig"}). Wnt, ErbB, Vegf pathways were mainly enriched in the downregulated gene population. Wnt pathway, which is known to regulate transcription activity and cause aberrant cell division and migration associated with cancer formation \[[@pone.0142229.ref025]--[@pone.0142229.ref027]\], was found indeed deregulated as documented by the downregulation of *Wnt2*, *Nfatc1*, *and Nfatc4* genes. It is well established that ErbB pathway receptor misregulation and excessive signaling is associated with the development of cancer. In our study, although *ErbB*-2 was upregulated in endometrial cancer, *ErbB*-2 and *ErbB*-3 were downregulated in patients with vulvar cancer. B cell and T cell receptor signaling pathways, which are involved in the immune response system, were also affected. Key gene components such as *Nras* (upregulated in all gynecological cancers), *Pik3ca* (upregulated in cervical cancer, downregulated in endometrial cancer), and *Jun*, *Akt3* (downregulated in endometrial and vulvar cancer), which are also involved in known cancer- related pathways, showed variable expression in all three gynecological cancers. In this study, we observed that *Arid1a* exhibits a statistically significant downregulation both in endometrial and vulvar cancer patients, but not in cervical cancer patients ([S2B Fig](#pone.0142229.s002){ref-type="supplementary-material"}). This finding suggests common aberrantly operating mechanisms controlling alterations in PI3K-Akt and TP53 signaling pathways leading to tumor formation in both cancer types \[[@pone.0142229.ref028]\].

In concordance with the previous results from gene ontology analysis, most of the upregulated and downregulated genes formed networks, in which the main effect of interacting genes in all gynecological cancer types is depicted in Cell Cycle and Immunological Disease for upregulated interacting genes, and in Cellular Growth and Proliferation, Cellular Development, Cell Death and Survival and other metabolic and morphogenesis-related categories for downregulated interacting genes ([S3A and S3B Fig](#pone.0142229.s003){ref-type="supplementary-material"}). Similar networks were formed when we analyzed the common regulated genes in all gynecological cancers. The Cell Cycle-related network exhibited the second highest score, while the Cancer and Cell Death-related network displayed the third highest score ([S4A and S4B Fig](#pone.0142229.s004){ref-type="supplementary-material"}).

Cancer-related pathways and gene signatures {#sec005}
-------------------------------------------

Based on the above findings, we then investigated for the presence of common pathway signatures in other types of cancers. To this end, employing data from annotated pathway databases, we noticed that breast, pancreatic, prostate, and colorectal cancers correlated with cervical, endometrial and vulvar cancer pathways ([Fig 2A](#pone.0142229.g002){ref-type="fig"}). This result was strengthened when our signatures were compared to those annotated in MSigDB 4.0 \[[@pone.0142229.ref018]\] and GeneSigDB 4.0 \[[@pone.0142229.ref019]\] databases. In concordance with the pathway results, most of the signatures that overlapped with our study, i.e. with more than 5 genes in common and *p* \< 0.01, were derived from breast, lung and prostate cancer, which were among the top ones ([Fig 2B](#pone.0142229.g002){ref-type="fig"}). Notably, overlap between our differentially expressed genes was found with many stem cell signatures, which were the second, most frequently correlated gene signature after breast cancer. Viral and immune response-related signatures were also enriched in all the differentially expressed genes for all three types of gynecological cancer of the study. Search in MSigDB 4.0 \[[@pone.0142229.ref018]\] database for oncogenic signatures disclosed a significant overlap between all three gynecological cancers with lung (5 signatures), breast (9 signatures) and prostate cancer (5 signatures), as shown in [S2 Table](#pone.0142229.s006){ref-type="supplementary-material"}. All these data highlight the fact that although there are numerous genes that are deregulated in each cancer type, only a small percentage of common ones can be found in multiple types of cancer. In most cases, overlap does not exceed 20 to 30 genes. A summarization of all those genes that are differentially expressed in more than five studies annotated in GSEA 2.0.14 \[[@pone.0142229.ref018]\], created a gene list, which included genes with higher probability to occur or to be involved in the development of tumors. A total of 81 genes was found through GSEA 2.0.14 \[[@pone.0142229.ref018]\] to be represented as a gene signature in more than five studies, with *Fos* and *Ccnd2* involved in Cell Cycle process, *Anxa1*, *Birc3*, *Socs2*, *Gch1*, and *Chst11* involved in Regulation of Apoptosis, and various transcription regulators such as *Id2*, *Klf4*, *Bcl3*, *Satb1*, *Egr1*, and *Fos* which are enriched in multiple tissue malignancies. Thus, our approach can provide the opportunity for future additional comparisons with other known gene signatures and scoring genes, based on the frequency of occurrence in various diseases or cancer-related categories ([Table 1](#pone.0142229.t001){ref-type="table"}).

![Cancer-related pathways and signatures enriched in gynecological cancers.\
A. Bar graphs showing the significance of overlap between the three gynecological cancers in this study with other known types of cancers and their annotated pathways. B. Oncogenic gene signatures from MSigDB 4.0 \[[@pone.0142229.ref014]\] and GeneSigDB 4.0 \[[@pone.0142229.ref015]\].](pone.0142229.g002){#pone.0142229.g002}
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###### Genes upregulated in various gynecological studies.

List of genes differentially expressed in any of our three gynecological cancer types that overlapped with more than five oncogenic signatures, as documented from the GSEA database, forming a robust oncogenic signature for GCs and other types of cancer.

![](pone.0142229.t001){#pone.0142229.t001g}

  ---------- --------- ---------
  A2M        FERMT2    NYNRIN
  ABLIM1     FGF9      PCDH9
  ACOX2      FOS       PDCD4
  AKAP12     FZD2      PDGFRL
  AQP3       GAS1      PDLIM3
  ATF3       GAS7      PEG3
  AXL        GNG11     PID1
  BCL2       GOLGA8A   PLSCR4
  BEX4       GPR137B   PLXND1
  C1orf115   GPX3      PPP1R3C
  CAPRIN2    HBP1      PRIM1
  CCND2      ID2       PTBP2
  CDC42EP3   ID4       QPRT
  CLIP3      IL1R1     RASL12
  CRABP2     IL33      RGS2
  CRIM1      IRS1      RRM2
  CTSH       IRS2      SASH1
  CYFIP2     ISL1      SATB1
  CYP1B1     ITGBL1    SCARA3
  DAB2       KCTD12    SEPP1
  DLC1       KIT       SLIT3
  DNAJC12    KLF4      SMARCD3
  EFEMP1     L1CAM     SOCS2
  EFHD1      LRIG1     SPRY2
  EGR3       MATN2     TSPAN7
  EMP1       METTL7A   TXNIP
  EZH2       NUDT11    UBE2C
  ---------- --------- ---------

Correlation of cervical cancer differentially expressed genes with the newly identified cell-population from the cervical squamocolumnar junction {#sec006}
-------------------------------------------------------------------------------------------------------------------------------------------------

Recently it was suggested that cervical cancer originates from a small number of a discrete population of cuboidal epithelial cells located at the squamocolumnar (SC) junction at the ectoendocervical area of the cervix \[[@pone.0142229.ref025]\]. These data provided us the opportunity to test whether this unique population with a potential for malignancy shares common features with established types of gynecological cancers. Overlap between our upregulated differentially expressed genes in endometrial and cervical cancer patients and upregulated genes in the squamocolumnar junction (75 genes) and the ectocervix squamous region (660 genes) \[[@pone.0142229.ref029]\], comes to reinforce this idea. Specifically, while genes characterizing ectocervical squamous population were enriched in all gynecological cancers (cervical 65 genes, endometrial 86 genes, vulvar 47 genes), squamocolumnar junction cells shared similarities with the upregulated genes in endometrial (7 genes) and cervical cancer patients (9 genes), but not with the vulvar cancer patients (3 genes), as shown in [Fig 3A](#pone.0142229.g003){ref-type="fig"}. This squamocolumnar junction group included genes such as complement factor B and H (*Cfb*, *Cfh*), which are involved in the regulation of immune reaction and interferon-induced protein 44 (*Ifi44l*), which is also activated in anti-viral response. Interestingly, *S100p* gene, which is associated with Cell Cycle, Cell Growth and Invasion and reported to be a novel independent predictor for poor prognosis in colorectal and hepatocellular carcinoma \[[@pone.0142229.ref030]\], was also found upregulated only in vulvar cancer samples in our study. However, despite the high levels of its expression found also in cervical cancer patients, it was not considered differentially expressed (*p* = 0.07), due to variation among the cancer samples. These data provide for the first time a direct comparison between gynecological cancers and this novel anatomical area, which may potentially host putative early initiating cancer events \[[@pone.0142229.ref029]\].

![Endocervix columnar, squamocolumnar and ectocervix squamous gene signatures and ES enrichment in cervical, endometrial and vulvar cancer patients.\
A. Enrichment of differentially expressed genes from our gene signatures of cervical, endometrial and vulvar cancer with endocervix columnar, squamocolumnar junction (SC) and ectocervix squamous gene signatures. For significant differences with *p* \< 0.05, the asterisk was used for annotation. B. Enrichment of differentially expressed genes from our gene signatures from cervical, endometrial and vulvar cancer with Myc, Prc and Core modules, identified to play a key role in the formation and establishment of pluripotency in embryonic stem cells \[[@pone.0142229.ref033]\]. For significant differences with *p* \< 0.05, the asterisk was used for annotation.](pone.0142229.g003){#pone.0142229.g003}

Embryonic stem cells share common features with gynecological cancers {#sec007}
---------------------------------------------------------------------

Considering the enrichment in stem cell signatures and based on recent findings on gene expression similarities and self-renewal properties between cancer and embryonic stem cells (ES), we detected significant enrichment of Myc and Polycomb (Prc) modules operating in embryonic stem cells \[[@pone.0142229.ref031]\], also in the cervical, endometrial and vulvar cancer patients ([Fig 3B](#pone.0142229.g003){ref-type="fig"}). From the three characterized modules in embryonic stem cells \[[@pone.0142229.ref031]\], Myc module was enriched in the upregulated population of all three gynecological cancer types studied here, while Prc was enriched in the downregulated differentially expressed genes of cervical and endometrial cancers. E-cadherin \[[@pone.0142229.ref032]\] and *Epcam* \[[@pone.0142229.ref033]\] are early markers and key genes in the reprogramming process involved in embryonic stem cell colony formation and establishment. Both genes were found to be upregulated in cervical and endometrial cancer (*Epcam* in cervical cancer, *p* = 0.14) but not in vulvar cancer patients. This finding is consistent with our observation so far, that endometrial and cervical cancers share a greater extent of common features (genes, gene signatures, altered biological processes) than with vulvar cancer. This may reflect the common embryonic origin of cervix and uterus.

Identification of common multiple features in gynecological cancers {#sec008}
-------------------------------------------------------------------

Regardless of the fact that the majority of the databases cover a wide variety of cancers and oncogenic signatures, in our study we selected representative studies from each cancer or pre-cancerous type that contained also normal tissue samples, for the identification of informative gynecological cancer-specific gene markers, and compared them with our data using the same methodology. Analysis of vulvar intraepithelial neoplasia (VIN) lesions \[[@pone.0142229.ref034],[@pone.0142229.ref035]\], which represents a pre-cancerous stage of vulvar cancer, showed good concordance (\~35%) with our previously characterized gene signature in vulvar cancer patients \[[@pone.0142229.ref006]\]. Vulvar intraepithelial neoplasia also showed upregulation of genes involved in Cell Cycle and Apoptosis, and downregulation of genes involved in Transcription and Development. Similar results were obtained from re-analyzing lymph nodes (LN) from squamous cell vulvar carcinoma \[[@pone.0142229.ref036]\] with \~28% concordance, when we compared the biological functions of the upregulated and downregulated genes. Cell Cycle, Apoptosis, Transcription and Developmental-related categories were enriched in the differentially expressed genes of LN (+) vs. LN (-), as in our study. The same categories were enriched in cervical cancer studies \[[@pone.0142229.ref004],[@pone.0142229.ref005],[@pone.0142229.ref037],[@pone.0142229.ref038]\] and endometrial study \[[@pone.0142229.ref039]\], either in gene ontology analysis of biological functions or in pathway analysis. By extending our findings to other gynecological cancer studies, it was made obvious that there were common features among endometrial, vulvar and cervical cancer cells in terms of biological functions and pathway deregulation. Based on the small overlap between the genes differentially expressed in each study, we arrive to the conclusion that more than one network or cascade can lead to malignant transformation in vulvar, cervical and endometrial tissues.

Identification of key transcription factors in gynecological cancer formation and novel modules in cervical cancer {#sec009}
------------------------------------------------------------------------------------------------------------------

Identification of transcription factor (TF) enrichment with PRIMA algorithm \[[@pone.0142229.ref040]\] in a narrow region around gene\'s transcription start site (TSS), extending from -1000 to +200 bp, led to the identification of 30, 39 and 22 transcription factors for cervical, endometrial and vulvar cancer, respectively. *E2f*, *E2f1*, *Hif-1* and *Isre* were the four transcription factors that were found enriched in all cancer types ([Fig 4A](#pone.0142229.g004){ref-type="fig"}), with *E2f1* (*p* = 0.038) and *Hif*-1 (*p* = 0.004) being also enriched in the 72 common upregulated genes ([Fig 1A](#pone.0142229.g001){ref-type="fig"}). Hypoxia-induced factor 1, *Hif*-1, upregulated in cervical and vulvar cancer, has been identified to respond to changes in oxygen levels in the cellular environment and mediating the effects of hypoxia. Hypoxia promotes the formation of blood vessels and contributes to the formation of cancer tumors in breast \[[@pone.0142229.ref010],[@pone.0142229.ref041]\]. *E2f* transcription factor family is associated with cell cycle regulation targeting cyclin A2 (*Ccna2*, upregulated in cervical and endometrial carcinoma), cyclin D1 (*Ccnd1* upregulated in endometrial carcinoma), cyclin-dependent kinase 2 (*Cdk2*, upregulated in cervical cancer) and apoptosis-related genes such as *Casp3* (upregulated in cervical cancer) and *Casp8* (upregulated in endometrial cancer). In addition to these transcription regulators, other well-characterized factors such as *Nf-y*, *Stat1*, *Irfs* and *c-Myc*:*Max*, were also enriched in the 72 commonly upregulated genes. Interestingly, comparison with other studies on vulvar \[[@pone.0142229.ref034],[@pone.0142229.ref035]\], cervical \[[@pone.0142229.ref004],[@pone.0142229.ref005],[@pone.0142229.ref037],[@pone.0142229.ref038]\] and endometrial \[[@pone.0142229.ref039]\] cancer, disclosed *Hif-1* and *E2f* as key transcription regulators for the modulation of gene expression in cancer. Apart from these two transcription regulators, *Zf5* a known interactor of *Brca1* tumor suppressor \[[@pone.0142229.ref042]\], was also found enriched in all the previous studies used for comparison and in our vulvar cancer gene signature study \[[@pone.0142229.ref006]\]. Promoter analysis showed that there is a certain set of transcription factors that regulate the differential expression between normal and cancer samples in all gynecological cancers ([Fig 4A](#pone.0142229.g004){ref-type="fig"}).

![Identification, annotation of novel cervical cancer modules and comparison with embryonic stem cell modules using both in silico and in vivo studies (ENCODE) and correlation of module activity with apoptosis and cell cycle.\
A. Venn diagram of commonly transcription regulators found to be enriched near the TSS (-3000, +200 bp) of upregulated genes in each gynecological cancer. B. Scatter plot showing the correlation between the HeLa cell line and a cervical cancer array (r = 0.84). C. Heatmap of the correlation of the expression of all gynecological cancers and the corresponding normal samples, with the expression of HeLa, K562, A549, HepG2 and normal brain cells as calculated from more than three independent studies for each tissue or cell line. Accession numbers from all the studies are shown in [S3 Table](#pone.0142229.s007){ref-type="supplementary-material"}. D. Bar graph depicting the enrichment of annotated transcription regulators from ENCODE in HeLa cells in the upregulated genes in cervical cancer patients. E. Heatmap of transcription factor binding site overlap of transcription regulators enriched in cervical cancer upregulated genes ([S4 Table](#pone.0142229.s008){ref-type="supplementary-material"}). F. Heatmap showing the correlation of JUN and AP2 modules with apoptosis, and of E2F/NFY with cell cycle regulation. G. Bar graphs of the correlation of E2F/NFY and MAX/CEBP modules with Myc module for upregulated genes. H. Bar graphs of the correlation of E2F/NFY and MAX/CEBP modules with Prc module for downregulated genes.](pone.0142229.g004){#pone.0142229.g004}

Apart from the computational identification of transcription factor binding sites, access to the ChIP-seq experiments of ENCODE database \[[@pone.0142229.ref043]\], led us to investigate the correlation of the available transcription regulators that were found to be enriched in the upregulated genes in cervical cancer patients, using data from the HeLa cervical cancer cell line \[[@pone.0142229.ref044]\]. HeLa cells, which have been systematically studied with *next generation sequencing* (*NGS*) and microarray technologies \[[@pone.0142229.ref043],[@pone.0142229.ref044]\], exhibited as expected, a high correlation with the cervical cancer expression profile ([Fig 4B](#pone.0142229.g004){ref-type="fig"} and [S4 Table](#pone.0142229.s008){ref-type="supplementary-material"}). In order to systematically investigate the extent of common features between HeLa cells and cervical cancer cell expression profile, we randomly selected three independent studies, which investigated the expression profile on the same microarray platform, and applied the same steps in analyzing the gene\'s expression levels. All arrays from the HeLa experiment, individually or averaged, exhibited high correlation mainly with cervical cancer cells ([Fig 4C](#pone.0142229.g004){ref-type="fig"} and [S4 Table](#pone.0142229.s008){ref-type="supplementary-material"}). Additional comparisons of the average expression profile of all three gynecological cancers with other well-studied cancer cell lines (A549, K562, HepG2) and normal tissues (brain), verified that HeLa cell line can faithfully simulate cervical cancer expression profile.

Furthermore, transcription factors *Stat1*, *Stat3*, *Cebp*, *E2f1*, *E2f4*, *E2f6*, *Fos*, *Myc*, *Ap2* and *Jun* were all enriched in the upregulated genes, with a relative ratio ranging from 1.5 to 15 ([Fig 4D](#pone.0142229.g004){ref-type="fig"}) for upregulated against downregulated genes ([S2 Table](#pone.0142229.s006){ref-type="supplementary-material"}), when annotated in a region of 5 kb around TSS (-2500 to +2500 bp) of the differentially expressed genes in cervical cancer patients. Analysis of the overlapping regions of these transcription regulators, revealed for the first time four novel distinct modules, which actually represent smaller sets of gene sub-signatures \[[@pone.0142229.ref031]\] ([Fig 4E](#pone.0142229.g004){ref-type="fig"} and [S4 Table](#pone.0142229.s008){ref-type="supplementary-material"}). The first module (E2f/NFY module) consists of *Nfy-A*, *Nfy-B*, *Gabp*, *Nrsf*, *Irf3*, and *E2f* transcription regulators, *Nrf1*, *Stat1* and *cMyc*, with most of them regulating transcription of cell cycle processes. Two additional novel modules consisting of *Ap2a* and *Ap2g* (AP2 module) and *Max* and *Cebp* (Max/Cebp module), respectively, segregated from the other factors, while a fourth cluster of transcription regulators with *cJun*, *Jund*, *cFos* and *Stat3* (JUN Module), was associated with inflammatory response. All modules were found to be significantly enriched in the upregulated genes, controlling expression of most cervical cancer gene signatures (701 out of 763 genes), while combination in pairs was more frequent by 2.5 to 10-fold in the upregulated population, leading to the conclusion that modules interact and cooperate for the activation of cervical cancer signature genes.

Despite the synergy and cooperation of the transcription regulators in each module, we then investigated the role of each factor and ranked them based on the percentage of genes they regulate in each of the biological functions affected in all gynecological cancers and embryonic stem cell modules. The E2F/NFY module was ranked as the first and main module for regulating cell cycle process, while the AP2 and JUN modules, were ranked as the main modules in apoptosis ([Fig 4F](#pone.0142229.g004){ref-type="fig"}). From the modules characterized in ES cells \[[@pone.0142229.ref031]\], Myc module showed correlation with both E2F/NFY and MAX/CEBP (*p* \< 0.05, *χ* ^2^-test), suggesting a possible synergy among the individual transcription regulators forming these modules on the regulation of expression of the cervical cancer signature genes. In the opposite direction, the Prc module, which is the main repressing complex in embryonic stem cells \[[@pone.0142229.ref031]\], is more frequently observed in the absence of the E2F/NFY and MAX/CEBP modules (*p* \< 0.05, *χ* ^2^-test). With this analysis, we observed a positive correlation between both E2F/NFY and MAX/CEBP modules with the Myc module ([Fig 4G](#pone.0142229.g004){ref-type="fig"}), and a negative correlation with the Prc module ([Fig 4H](#pone.0142229.g004){ref-type="fig"}).

Both informatics analysis of the motifs of known transcription regulators and experimental evidence from ENCODE, identified key components of the transcription regulation factories of gynecological cancer development. Identification of *E2f*, *Nfy* and other transcription factors, led us to the construction of novel transcriptional modules, which regulate the activation of cancer-related genes. E2F/NFY module was the only module found enriched in all gynecological cancers in our study ([Fig 5](#pone.0142229.g005){ref-type="fig"}). Though few expression profile studies have been performed in gynecological cancers, we were able to identify the same transcription factors enriched in the upregulated genes ([Fig 5](#pone.0142229.g005){ref-type="fig"}), in four other studies from (GSE5563 \[[@pone.0142229.ref034]\], GSE7803 \[[@pone.0142229.ref005]\], GSE27678 \[[@pone.0142229.ref038]\], GSE36389 \[[@pone.0142229.ref039]\]), using the same approach.

![Transcription factor binding analysis in various gynecological cancer expression profiles revealed enrichment of E2F/NFY module.\
Analysis of microarray expression profile studies conducted in various gynecological cancers, revealed that E2F/NFY module is enriched in all gynecological cancers. Genes that were differentially expressed in GSE5563, GSE7803, GSE27678 and GSE36389 datasets, utilizing the same methodology as described in our study, were used for TFBS enrichment analysis. Common transcription regulators identified in all gynecological cancers exhibited a significant enrichment of E2F/NFY module in gynecological cancers.](pone.0142229.g005){#pone.0142229.g005}

Discussion {#sec010}
==========

The systematic comparison among the three gynecological cancers, resulted in the identification of 193 genes being commonly regulated in all three types of cancers. Despite their small overlap regarding differentially expressed genes, biological function classification revealed common features among the three gynecological cancers. This deregulation concerned upregulation of cell cycle process \[[@pone.0142229.ref015],[@pone.0142229.ref028],[@pone.0142229.ref034]\], activation of apoptosis-related genes and downregulation of genes involved in transcriptional activity.

Furthermore, comparisons highlighted the extensive similarity between cervical and endometrial cancer regarding the differentially expressed genes, the biological processes affected, and the transcription factor binding sites. This similarity was less pronounced in vulvar carcinoma. This pattern was recapitulated when we compared gene expression profiles from the recent genomic classification on endometrial carcinoma by The Cancer Genome Atlas Research (TCGA) Network with our gynecological cancers \[[@pone.0142229.ref009]\]. Endometrial and cervical cancer profiles correlated mainly with the expression profile of *POLE* and MSI subcategories \[[@pone.0142229.ref009]\], while vulvar carcinoma was found to deviate from those profiles. Even though the differences and the variable expression of driver genes for cancer formation (*ErbB2*, *Akt3*, *Pik3ca*) was documented in cervical, endometrial and vulvar carcinoma, the positive correlation of the differentially expressed genes of the three types of gynecological cancers with modules (Myc), pathways (Wnt, ErbB, Toll-like receptors) and biological processes lead us to assume that there is more than one operating gene network that regulates the same functions and pathways. Another crucial component controlling gene regulation is microRNA. Though very few studies \[[@pone.0142229.ref045],[@pone.0142229.ref046]\] have extensively studied microRNA profiling in ovarian and cervical cancer, no additional experimental information was found for the three gynecological cancers to complement our findings at the moment.

Furthermore, downregulation of *ErbB*-2 and *ErbB*-3 genes is associated with neuro-degenerative diseases such as multiple sclerosis and Alzheimer\'s disease \[[@pone.0142229.ref047]\]. This finding highlights the presence of common routes leading to diverse disorders sharing common primitive master pathways. Thus, activation or repression of a different set of genes in one process, can lead to similar downstream effects. This is verified from the small gene overlap from the numerous different gene signatures annotated to the same disease \[[@pone.0142229.ref018],[@pone.0142229.ref019]\]. In order to reduce the variance due to different statistical approaches and methodologies utilized for microarray analysis, we performed the same methodology, as in our study, in a number of selected gynecological cancer studies and verified the small overlap (20--38%) between gene signatures. From these comparisons, we noted the common biological functions in most of the studies and identified a set of transcription regulators (*E2f*, *Hif-1*) as key regulators in endometrial, vulvar and cervical cancer patients. Though no meta-analysis was performed, random selection of various expression profile studies in gynecological cancer increased the validity of our findings regarding the processes, pathways and transcription regulators.

It should be noted that either upregulation or downregulation of a key gene such as *Akt3* can cause deregulation of one or more pathways and lead to malignancy \[[@pone.0142229.ref048]\]. In our study, *Akt* signaling pathway from BIOCARTA and PI3K-Akt pathway from PANTHER database, were found enriched only in endometrial cancer as it has been previously noted \[[@pone.0142229.ref009]\]. Additionally, DNA damage control and DNA repair mechanisms are mainly downregulated during early tumor development. *Arid1a* loss has been shown to occur in high-grade endometrial cancers \[[@pone.0142229.ref028]\], leading to a series of mutations, which occur following *Arid1a* downregulation. The downregulation of *Arid1a* in endometrial and vulvar cancer in the series of patients of our study, is consistent with these findings.

Also in our study, we tested for the first time the expression profile of gynecological cancers to that of a recently identified quite discrete cuboidal cell population of squamocolumnar junction (SJ) cells with embryonic-like features. These cells are considered to be implicated in the pathogenesis of cervical cancer and represent a specific target of HPV \[[@pone.0142229.ref029]\]. Thus, this cell population has been proposed as the cell of origin of cervical cancer and its precursors \[[@pone.0142229.ref049]\].

Interestingly, in our study we identified in the squamocolumnar junction cells several active markers of carcinogenesis, which were also enriched in cervical and endometrial but not in vulvar carcinoma. These data support the notion that this population actually represents a premalignant state, which can evolve to cancer upon infection by HPV. This progression seems to be partially attributed to the permissiveness of the cells to viral entry, due to the documented altered expression of α-defensin 5 by these cells, compared to the ectocervical, vaginal, and vulvar neoplasia \[[@pone.0142229.ref050]\].

It is also of interest that squamocolumnar junction cells can define distinct clinically relevant subsets of low-grade squamous intraepithelial lesions \[[@pone.0142229.ref051]\]. Recent immunohistochemical studies of specific markers of the behavior of these cells during neoplasia, suggest that HPV infection of the cuboidal squamocolumnar junction cells initiates the outgrowth of basally oriented neoplastic progeny with a progressive loss of the embryonic markers \[[@pone.0142229.ref049]\]. This pattern was observed in high-grade squamous intraepithelial lesions (HSIL) but not in low grade ones (LSIL), a fact that suggests that in the latter cases, the infection occurs in metaplastic progeny rather than in the original squamocolumnar junction cells. Corroborating this notion, recent clinical studies \[[@pone.0142229.ref052]\] documented the beneficial effect of squamocolumnar junction excision in reducing the risk of developing new cervical intraepithelial neoplasia 2/3 lesions. Further comparative studies on the transcriptomics of this cell population and of early cervical carcinogenesis \[[@pone.0142229.ref053]\], are anticipated to offer significant insights into the early events of cervical carcinogenesis.

Finally, with the use of ChIP-seq experiments from ENCODE \[[@pone.0142229.ref043]\] in the HeLa cervical cancer cell line, we identified for the first time four novel modules operating in our cervical cancer samples. Correlation analysis revealed synergy between those groups of transcription regulators, while certain modules were annotated to specific biological processes. The E2F/NFY module was mainly enriched in cell cycle processes while the JUN and MAX/CEBP modules were enriched in apoptotic processes. We also noted that beside the synergy of these modules, E2F/NFY and MAX/CEBP correlated with Myc module, while Prc module was present in genes where factors from E2F/NFY and MAX/CEBP modules were absent. These data strongly imply that there is a common transcriptional network based on *E2f*, *Nfy* and other transcription regulators, in a form of cooperating modules regulating the main cellular features, such as cell cycle, apoptosis, transcription and development. Aberrant operation of those modules, is required for the gradual transformation into a cancer cell via intraepithelial neoplasia of a normal squamocolumnar junction cell or epithelial cell in the case of cervical and vulvar cancers, respectively, or of an epithelial cell in the case of endometrial cancer.

In summary, our novel data may have implications in the field of human carcinogenesis, since the validity of these novel modules can be tested in other types of cancers of different origin, for the formulation of comprehensive models of carcinogenesis, which may lead eventually to rational preventive and therapeutic strategies for precise targeting of common and unique altered regulatory mechanisms operating in several types of cancers \[[@pone.0142229.ref003]\].

Methods {#sec011}
=======

Tissue and sample selection {#sec012}
---------------------------

A total of 35 snap-frozen samples were analyzed, derived from 18 cancer patients (5 patients with cervical cancer, 7 patients with endometrial cancer and 6 patients with vulvar cancer) and from 17 normal control samples (5 normal cervical samples, 5 normal endometrial samples and 7 normal vulvar samples) from patients undergoing surgery for benign gynecological diseases (fibroids, ovarian benign cyst or uterine prolapse). The tumor samples were classified according to the new 2009 FIGO staging system \[[@pone.0142229.ref054]\] and the histological classification system of WHO. All tissues were obtained using verbal informed consent, recorded in the participants list, following the approval (No. 6/16-11-2005) of this study by the Institutional Ethical Committee of the Alexandra Hospital. The patients were recruited at the Alexandra Hospital in Athens, from 2006 and onwards. None of the patients had received any preoperative chemotherapy or irradiation treatment.

Microarray analysis {#sec013}
-------------------

Total RNA was extracted from normal controls and cancer patients from cervix, endometrium and vulvar tissues and was hybridized on Affymetrix HG133 A 2.0 microarray chips corresponding to more than 14,500 uniquely represented genes (NetAffx 32). A total of 35 samples were used to identify potential biomarkers and signatures in each type of cancer. The data were analyzed with the R language (version 3.0.2) and bioconductor package (version 2.13) \[[@pone.0142229.ref055]\]. The RMA algorithm \[[@pone.0142229.ref056]\] and log2 transformation were used for background correction and normalization of the data. For those genes that were represented in more than one probe, only probes with the highest average value across all arrays were kept. In order to identify differentially expressed genes, we performed a Student\'s t-test in unlogged data between normal and cancer tissues, and those genes with a value of *p* \< 0.05 and a fold change (±) greater than 1.5, were considered significant. The microarray data (GSE63678) were submitted to GEO \[[@pone.0142229.ref057]\].

Functional annotation and pathway analysis {#sec014}
------------------------------------------

Gene ontology classification and pathway annotation was performed with Expander 5.2 \[[@pone.0142229.ref021],[@pone.0142229.ref022]\] and DAVID knowledgebase 6.7 \[[@pone.0142229.ref023],[@pone.0142229.ref024]\] combining information from KEGG, REACTOME, BIOCARTA and PANTHER pathway databases. Additional comparison of the biological processes was performed with the use of Comparative GO \[[@pone.0142229.ref017]\] using all the upregulated and downregulated genes with their corresponding fold changes in each gynecological cancer type. Transcription factor binding site (TFBS) enrichment analysis was performed with both PRIMA algorithm and DAVID knowledgebase 6.7 \[[@pone.0142229.ref023],[@pone.0142229.ref024]\] and transcription regulators were annotated when a motif was found close to a gene\'s transcription start site (TSS) in a region of 1200 bp (-1000, +200 bp). Hypergeometric test was performed in order to identify significant enrichment while Fisher's exact test was performed in DAVID knowledgebase 6.7 \[[@pone.0142229.ref023],[@pone.0142229.ref024]\].

Gene signature analysis {#sec015}
-----------------------

GeneSigDB 4.0 \[[@pone.0142229.ref019]\] and oncogenic signatures from GSEA 2.0.14 \[[@pone.0142229.ref018]\] were used for comparing our findings with other known signatures. We selected as overlapping signatures, gene lists with more than 5 genes in common and *p* \< 0.01. In each database, all studies were merged based on the tissue of origin of the cancer, regardless of the effect or of the treatment in each study. Selected microarray studies from each gynecological cancer type consisted of both cancer and normal tissue samples. RMA normalization and Student's t-test was performed and genes with a value of p \< 0.05 and a fold change (±) greater than 1.5, were considered to be differentially expressed. GSE27678, GSE9750, GSE7803, GSE28442, GSE5563, and GSE36389, were the accession codes selected for gene ontology, pathway and signature comparison.

Modules {#sec016}
-------

In order to identify modules in cervical carcinoma, we examined the overlaps between the \'.bed\' files for each transcription regulator given in ENCODE \[[@pone.0142229.ref043]\] with the use of BEDTools 2.17.0 \[[@pone.0142229.ref058]\]. Based on the number of overlapping regions for each transcription regulator with all the other transcription regulators, we performed normalization based on the number of binding sites for each transcription regulator and then performed unsupervised hierarchical clustering in order to identify the cervical cancer modules. Finally, a gene was considered regulated by a module, when at least 2 transcription regulators were bound around its TSS (-2500, +2500 bp).

Statistical analysis {#sec017}
--------------------

Chi-square test with or without Yates correction was performed when needed. Hypergeometric test was also performed for enrichment identification between embryonic stem cell modules and the newly identified regions of cervix with our differentially expressed genes. Correlation was measured with Pearson correlation coefficient. Unsupervised hierarchical cluster analysis was performed with tMEV 4.8.1 software with Pearson correlation coefficient and average linkage method.

Supporting Information {#sec018}
======================

###### Principal component analysis of microarray experiments in the three gynecological cancers and their normal controls.

Principal component analysis in two axis, depicts the separation of normal and cancer samples based on the differentially expressed genes in cervical, endometrial and vulvar samples.

(TIF)

###### 

Click here for additional data file.

###### Activation of virus response genes in cervical cancer and downregulation of ARID1A in endometrial and vulvar cancer.

A. Heatmap of normalized cervical cancer samples showing differentially expressed genes involved in 'response to virus'. B. Average ARID1A expression levels in the three gynecological cancers and their corresponding normal samples. Though ARID1A was found downregulated (*p* \<0.05) in endometrial and vulvar cancer, vulvar cancer samples exhibited greater reduction (fold change = -1.7 in vulvar cancer vs -1.3 in endometrial cancer). For significant differences with *p* \< 0.05, an asterisk (\*) was used for annotation.

(TIF)

###### 

Click here for additional data file.

###### Comparison of network terms common in all gynecological cancers.

A. Venn diagram comparing the terms in network formation from IPA software in upregulated genes. B. Venn diagrams of downregulated genes in the three gynecological cancers of the study. Below are shown the common network terms in each comparison. The categories that are unique in upregulated and downregulated common network terms are shown in bold.

(TIF)

###### 

Click here for additional data file.

###### Top networks in common differentially expressed genes in all gynecological cancer expression profiles.

Networks formed with IPA using the common regulated genes from all gynecological cancers (193 genes). A. Cell cycle-related network. B. Cancer and Cell death and Survival-related networks were among the top three networks that exhibited the highest score.

(TIF)

###### 

Click here for additional data file.

###### Patient clinopathological features.

Clinicopathological features of the patients and normal controls of the study. Cancer cases were staged according to the 2009 FIGO staging guidelines \[[@pone.0142229.ref052]\].

(DOC)

###### 

Click here for additional data file.

###### List of differentially expressed genes in all gynecological cancers with their gene ontology (GO) and pathway classification.

List of differentially expressed genes with fold change, average expression value and categorization in upregulated and downregulated expression. Gene ontology (GO) analysis for the differentially expressed genes (upregulated and downregulated) of each cancer versus genome, pathway analysis, TFBS analysis for both upregulated and downregulated genes. gene signature analysis information and lists, are shown in separate spreadsheets.

(XLS)

###### 

Click here for additional data file.

###### Comparison of enrichment between Biological Processes in Cervical, Endometrial and Vulvar Cancer.

We present biological proceses common in all gynecological cancers in the upregulated and downregulated genes that were found to be enriched in one gynecological cancer at least 2 times more that the other gynecological cancers. In the upregulated genes we focused in cell cycle, transcriptional and apoptosis related processes while in the downregulated gene population we focused in developmental related processes.

(XLSX)

###### 

Click here for additional data file.

###### Genes and expression values from various studies used for comparison with our gynecological cancers.

In the first spreadsheet (ST4\_\_FIGURE4B) we present the normalized expression values from Cervical cancer and HeLa cells from randomly selected microarrays used for calculation of the correlation between HeLa and Cervical cancer cells in [Fig 4B](#pone.0142229.g004){ref-type="fig"}. ST4\_\_FIGURE4C spreadsheet contains the average expression values from the microarray studies used for [Fig 4C](#pone.0142229.g004){ref-type="fig"}. ST4_FIGURE4E spreadsheet contains all the differentially expressed genes from our gynecological studies which are bound by one of the transcription factors studied in ENCODE in HeLa cell line. The values 0 and 1 represent the absence (0) or the existence (1) of one transcription factor near the promoter of the selected gene. GEO LINKS spreadsheet contains all the GEO accessions, tissue types and links used for the transcription factor binding analysis presented in [Fig 5](#pone.0142229.g005){ref-type="fig"}.

(XLSX)

###### 

Click here for additional data file.

###### Gene Expression Omnibus (GEO) submitted gynecological studies.

List of GEO accession codes used for comparative analysis of the expression profile of cervical cancer samples with HeLa, A549, K562, HepG2 and normal brain cells.

(DOC)

###### 

Click here for additional data file.

###### List of modules and their genes in cervical cancer.

Modules identified in cervical cancer samples. Each spreadsheet contains the differentially expressed genes regulated by the identified set of transcription factors found to co-occupy their promoters.

(XLS)

###### 

Click here for additional data file.

This study was funded by the Oncology Program of the Central Council of Health of the Ministry of Health, Grant No. 70-3-9209 and by the Empirikion Foundation, Grant No. 70-3-7345 to Nicholas P. Anagnou, and by the European Union's European Social Fund (ESF) and Greek National Funds through the Program THALIS, under the Operational Program *Education and Lifelong Learning* of the National Strategic Reference Framework (NSRF), Grant No. 70-3-11830 to Kalliopi I. Pappa. The authors wish to thank Dr S. Markaki for expert advice and V. Pavlou for excellent technical assistance.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: Conceived and designed the experiments: NPA. Performed the experiments: KIP JJH NA. Analyzed the data: AP NPA KIP JJH NA. Contributed reagents/materials/analysis tools: JJH NA AP GDV DL. Wrote the paper: KIP AP NPA.
